The lymphocyte-specific protein tyrosine kinase p56 lck (Lck) is well documented with regard to its role in regulating T cell activation and thymocyte development through delivery of signals via the mature αβ TCR as well as the pre-TCR. Little is known, however, about the role of Lck in T h cell subset differentiation in the periphery. Here, we assess the requirement for tyrosine kinase activation of Lck in T h 1 and T h 2 cell differentiation by using a dominant-negative Lck (DLGKR) transgenic (Tg) mice under the control of a lck distal promoter that directs high expression in mature T cells, in which splenic CD4 T cells developed normally. This Tg mouse provides a good experimental model system to investigate the roles of Lck in mature T cell function in vivo. We show that the catalytically inactive Lck protein at about twice-normal concentrations inhibits T h 2 subset differentiation in vivo and in vitro, whilst leaving the maturation of the other T cell subset, T h 1, intact. These data indicate a requirement for Lck activity in T h 2 cell differentiation, and a differential dependence for Lck activity between T h 2 and T h 1 cell differentiation.
Introduction
Mouse CD4 T cell clones can be classified into two distinct subpopulations on the basis of their cytokine production pattern, and are designated as T h 1 and T h 2 clones (1). T h 1 clones produce IL-2, IFN-γ and tumor necrosis factor (TNF)-β, and T h 2 clones produce IL-4, IL-5, IL-6, IL-9, IL-10 and IL-13. The development of CD4 ϩ T h 1 and T h 2 cells is a central issue for understanding the diversity of CD4 T cell-dependent immune responses in infectious, allergic and autoimmune diseases (reviewed in 2-4). T h 1 cells mediate delayed-type hypersensitivity and organ-specific autoimmune diseases, while T h 2 cells are involved in the development of allergies and in defense against parasites.
T h 1 and T h 2 cells are thought to differentiate from a common precursor, and the direction of T h cell differentiation into T h 1 and T h 2 cells is dependent on the exogenous cytokines present during the primary antigenic stimulation of naive T cells (3, 4) . It is now known that the potent inducer of T h 2 is IL-4 which may be produced by CD4 ϩ NK T cells (5, 6 ) and CD4 T cells themselves (7) . In contrast, IL-12 is required for the differentiation of naive T cells into T h 1 effector cells (8, 9) . However, little is known about the nature of intracellular Correspondence to: T. Nakayama Transmitting editor: A. Singer Received 14 November 1997, accepted 19 January 1998 signaling events that are induced by antigenic stimulation of TCR during T h subset differentiation. CD4 and CD8 co-receptor molecules modulate αβ TCRmediated signal transduction by binding to the same class II or class I MHC molecules that are engaged by the TCR. The cytoplasmic domains of both CD4 and CD8 interact with a lymphocyte-specific protein tyrosine kinase p56 lck (Lck) (10, 11) , an essential molecule for early thymocyte development (12, 13) and for TCR-mediated activation of some T cell lines (14) (15) (16) . A Lck-deficient mouse (12) and dominantnegative Lck transgenic (Tg) mice under the control of the proximal promoter of the lck gene (13) were generated to aid in the elucidation of the roles of Lck in T cell development. Analyses of these mice revealed a profound decrease in the generation of CD4 ϩ CD8 ϩ thymocytes and mature T cells in the periphery. Furthermore, it was clearly demonstrated that Lck was required for very early events in thymocyte maturation; however, there were limitations for assessing the role of Lck in late events in the thymus (e.g. positive and negative selection) and T cell functions in the periphery simply because of the small numbers of T cells generated.
An effort to establish Tg mice that express enzymatically inactive Lck protein under the control of the distal promoter of the lck gene (designated DLGKR) was made to address the problem (17) . Since the distal promoter of the lck gene directs high expression of Tg dominant-negative Lck product in mature-type thymocytes and peripheral T cells, DLGKR mice would not have the complications which result from the ability of dominant-negative Lck to block very early events in thymocyte maturation. In our previous study, the expression of enzymatically inactive Lck protein at twice-normal concentrations inhibited thymic positive selection by as much as 80% in normal and TCR Tg systems, and negative selection was compromised in some experimental conditions (17) . In addition, further analysis indicated that the negative selection of an ovalbumin (OVA)-specific TCRαβ Tg mouse system was largely blocked (Hashimoto and Nakayama, unpublished observation). Thus, we concluded from the results in the DLGKR Tg model system that tyrosine kinase activity of Lck is required for TCR-mediated thymic positive and negative selection.
Here, we extend our studies using the DLGKR model system and examine the requirement for Lck tyrosine kinase activity in T h subset differentiation in the periphery of DLGKR Tg mice and in double-Tg mice with OVA-specific TCRαβ Tg and DLGKR Tg mice. The maturation of CD4 T cells is normal in these Tg mice and, therefore, the effect of enzymatically inactive Lck on the T h subset differentiation can be investigated. Our results demonstrate that T h 2 cell differentiation requires Lck activity.
Methods

Animals
C57BL/6 (B6), BALB/c and (B6 BALB/c)F 1 mice were purchased from Clea (Tokyo, Japan). Catalytically inactive Lck Tg mice under the control of the distal promoter of lck (DLGKR mice) were provided by Dr Roger Perlmuter and described previously (17) . Anti-OVA TCRαβ Tg (DO10 Tg) mice (18) were kindly provided by Dr Dennis Loh (Nippon Roche Research Center, Kanagawa, Japan). All mice used in this study were maintained under specific pathogen-free conditions.
Reagents
The reagents used in this study were as follows: FITCconjugated anti-TCRαβ (H57-597-FITC) (19) and anti-DO10 Tg TCRα-biotin (KJ-1-biotin) (20) were prepared in our laboratory. The anti-TCRαβ mAb (H57-597) was kindly provided by Dr Ralph Kubo (Cytel, San Diego, CA). The KJ-1 mAb was kindly provided by Dr P. Marrack (National Jewish Center, Denver, CO). Phycoerythrin (PE)-conjugated anti-CD4 mAb (GK1.5-PE) was purchased from Becton Dickinson (Mountain View, CA). Anti-CD69-FITC (H1.2F3-FITC), anti-CD25-FITC (7D4-FITC), anti-CD44-FITC (IM7-FITC), anti-CD44-PE (IM7-PE), anti-CD45RB-FITC (23G2-FITC), anti-CD62L-FITC (MEL-14-FITC), anti-CD8-biotin (53-6.72-biotin), anti-Thy-1-biotin (30H.12-biotin), unconjugated anti-IL-2 (JES6-1A12), anti-IL-2-biotin (JES6-5H4-biotin), unconjugated anti-IFN-γ (R4-6A2), anti-IFN-γ-biotin (XMG1.2-biotin), anti-IFN-γ-FITC (XMG1.2-FITC), and unconjugated anti-IL-4 (BVD4-1D11), anti-IL-4-biotin (BVD6-24G2-biotin), anti-IL-4-PE (11B11-PE) were purchased from PharMingen (San Diego, CA). Anti-FcRγI mAb (2.4G2) (21), anti-IL-12 (C17.20.8) (22) and anti-IL-4 (11B11) were used as culture supernatants. An anti-IL-12 mAb (C17.20.8) was kindly provided by Dr G. Trinchieri (Wistar Institute, Philadelphia, PA). Anti-CD44 mAb (IM7) for cytotoxic killing was kindly provided by Dr K. Miyake (Saga Medical collage, Saga, Japan). Unconjugated anti-IL-4R was purchased from Genzyme (Cambridge, MA). PEconjugated streptoavidin (PE-avidin) was purchased from BRL (Gaithersburg, MD). A polyclonal goat anti-mouse IgG-FITC was purchased from Southern Biotechnology Associates (Birmingham, AL). A polyclonal goat anti-rat IgG-FITC was purchased from Cappel (Durham, NC). Recombinant mouse IL-12 and IFN-γ were purchased from Genzyme, and recombinant murine IL-4 was from Toyobo (Osaka, Japan). The OVA peptide (residues 323-339; ISQAVHAAHAEINEAGR) was synthesized by BEX (Tokyo, Japan).
Cell purification and T cell culture CD4 ϩ T cells with naive phenotype (CD44 -) were isolated from spleens of DO10 Tg mice on a FACS Vantage cell sorter (Becton Dickinson) yielding purity of Ͼ98%. Where indicated, CD44 -CD4 ϩ T cells were prepared as follows; splenocytes were incubated with culture supernatants of both anti-CD8 (53-6.72) and anti-CD44 (IM7) mAb followed by guinea pig complement (1:10). The treated cells were washed and then incubated on plastic dishes (Iwaki 3020-100) coated with goat anti-mouse IgG (which cross-react with rat IgG, including 53-6.72). The non-adherent cells were used as a naive CD44 -CD4 ϩ T cell population. The purity of these cells was~80% and the majority of contaminating cells was a CD4 -CD8 -population. Antigen-presenting cells (APC) were prepared from BALB/c (H-2 d ) splenocytes by negative selection using MACS with a biotinylated anti-mouse Thy-1.2 as previously described (23) and were irradiated (3000 rad) before adding the stimulation culture.
In the DO10 Tg mouse system, 1.5 ϫ 10 4 sorted CD44 -CD4 ϩ T cells were stimulated in 200 µl cultures with antigenic OVA peptide and APC in the presence or absence of cytokine (IL-12 or IL-4) for 7 days. For non-Tg T cell cultures, 1.5 ϫ 10 4 FACS-sorted CD44 -CD4 ϩ T cells were stimulated in 200 µl cultures with culture supernatant (25%) of anti-TCR mAb (H57-597) and FcR ϩ syngeneic irradiated spleen cells in the presence of IL-2 (30 U/ml). When non-Tg T cells were stimulated with immobilized anti-TCR mAb (H57-597), CD44 -CD4 ϩ T cells (1 10 6 ) were enriched by cytotoxic killing and panning, and stimulated in 1 ml cultures for 2 days. Then, the stimulated T cells were harvested and cultured for an additional 5 days without anti-TCR stimulation in the presence of IL-2 (30 U/ml).
In all experiments, cells were cultured in RPMI 1640 containing 10% FCS, L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 µg/ml), HEPES buffer (10 mM), sodium pyruvate (1 mM) and 2-mercaptoethanol (0.05 mM).
Immunofluorescent staining and flow cytometry (FCM) analysis Freshly prepared splenocytes were suspended in PBS supplemented with 2% FCS and 0.1% sodium azide (FACS buffer).
In general, 10 6 cells were preincubated with 2.4G2 to prevent non-specific binding of mAb via FcR interactions and then cells were incubated on ice for 30 min with appropriate staining reagents as described (24) .
For intracellular staining of IL-4 and IFN-γ, the cultured T cells (for 7 days) were re-stimulated with immobilized anti-TCR mAb (H57-97; 100 µg/ml) for 6 h in the presence of 2 µM monensin (Sigma, St Louis, MO) which inhibited the secretion of newly produced cytokines. Then the cells were fixed with 4% paraformaldehyde for 10 min at room temperature and permeabilized in a permeabilizing solution (50 mM NaCl, 5 mM EDTA, 0.02% NaN 3 , pH 7.5) containing 0.5% Triton X for 10 min on ice. After blocking with 3% BSA in PBS for 15 min, cells were incubated on ice for 45 min with appropriate staining reagents. The stained cells were washed extensively with FACS buffer. In multi-color FCM analyses, electronic compensation was done by using cell mixtures of positive and negative cell populations in each fluorescence emission. FCM analysis was performed on a FACSort and FACS Vantage (Becton Dickinson), and results were analyzed using CellQuest software (Becton Dickinson).
Proliferation assay
The CD4 ϩ T cells enriched by panning with anti-CD8 mAb were stimulated in 200 µl cultures with graded doses of OVA peptide and irradiated APC, immobilized anti-TCR mAb (H57-597; 100 µg/ml) or phorbol myristate acetate (PMA) (50 ng/ml) plus ionomycin (500 ng/ml) for 40 h. [ 3 H]Thymidine (0.5 µCi/well) was added to the stimulation culture for the last 16 h and the incorporated radioactivity was measured by a β-plate (25) .
ELISA for measuring cytokine concentration DO10 DLGKR double-Tg CD44 -CD4 ϩ T cells (2 10 5 ) were enriched by cytotoxic killing and panning, and stimulated in 200 µl cultures with graded doses of OVA peptide and irradiated APC or immobilized anti-TCR mAb (H57-597; 100 µg/ml), and culture supernatants were collected 24 h later. Spleen cells from heterozygous DLGKR Tg mice immunized with TNP 15 -keyhole limpet hemocyanin (KLH; 100 µg) with complete Freund's adjuvant (CFA) were cultured in vitro with 10 µg/ml of TNP-KLH for 48 h, and the IL-2, IL-4 and IFN-γ concentrations of the culture supernatants were measured by ELISA. ELISA was performed by using commercial mAb pairs to each IL (PharMingen) as described previously (26) . In brief, 96-well plates (Nunc 442404) were coated with a purified first antibody at room temperature for 6 h and then blocked with PBS-containing 3% BSA for 2 h. After overnight incubation with samples at 4°C, the plates were washed and then incubated with biotinylated second antibody at room temperature for 45 min. The plates were washed and further developed by adding horseradish peroxidase-conjugated streptavidin (Zymed, San Francisco, CA) and its substrate 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Kirkegaard & Perry, Gaithersberg, MD). The absorbance was measured on a 405 nm spectrophotometer. Results were analyzed by using the Microplate Manager III system (BioRad, Hercules, CA).
Measurement of TNP-specific Ig by ELISA
The heterozygous DLGKR Tg mice with a (B6 BALB/c)F 1 background were immunized with 100 µg of TNP 15 -KLH with CFA. Eight weeks after the immunization, whole spleen cells (1 ϫ 10 6 /well) were cultured in vitro with 1 ng/ml of TNP-KLH (for inducing IgG1) or with 10 µg/ml of TNP-KLH (for inducing IgG2a) for 7 days. The concentration of anti-TNP antibody (IgG1 and IgG2a) in the culture supernatant was measured by ELISA (25) . TNP 19 -BSA (50 µg/ml) was first coated on 96-well plates (Nunc 442404). After incubation with culture supernatants overnight at 4°C, TNP-specific antibodies were detected with horseradish peroxidase-conjugated anti-mouse IgG1 (Zymed) or anti-mouse IgG2a (Zymed). For measurements of IgE, OVA (20 µg) in alum was used to immunize mice, and 2 weeks after the immunization the serum concentration of OVA-specific IgE was determined by using OVA-coated 96-well plates and an anti-IgE mAb (Yamasa, Tokyo, Japan).
Immunoprecipitation, immunoblotting and in vitro immune complex kinase assay
Immunoprecipitation and immunoblotting with anti-Lck antiserum (#688, specific for a part of the unique sequence of Lck; RNGSEVRDPLVTYEGSLPPASPLQDN; a gift from Dr Larry Samelson, NIH, Bethesda, MD) were performed as previously described (24, 27) . In brief, Lck molecules were immunoprecipitated from digitonin lysates of DLGKR Tg splenocytes with Protein G-Sepharose (Pharmacia, Uppsala, Sweden) preabsorbed with anti-CD4 mAb (GK1.5) and then the precipitates were subjected to immunoblotting with anti-Lck antiserum In vitro immune complex kinase assays were performed as described (17, 28) . In brief, splenic CD4 T cells (3 ϫ 10 7 ) from DLGKR Tg mice were solubilized in lysis buffer (50 mM Tris, pH 7.4, 0.15 M NaCl, 1 mM sodium vanadate) containing digitonin at 1%. Lck molecules associated with CD4 were immunoprecipitated with anti-CD4 mAb (GK1.5) preabsorbed to Protein G-Sepharose. After washing the beads with lysis buffer lacking EDTA and sodium vanadate, the precipitates were incubated with 15 µCi of [γ-32 P]ATP (5000 Ci/mmol; Amersham) for 15 min on ice in a kinase buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , 5 mM MnCl 2 , 1 µM NaATP). Enolase (2 µg) was added in each reaction tube. Kinase reactions were quenched with 50 µl of 2 Laemmli sample buffer with 4 mM EDTA and resolved on 7.5% gels. The band intensities were measured by a densitometer and an arbitrary densitometric unit was assigned to each band.
Results
Phenotypic characterization of splenic CD4 T cells from heterozygous DLGKR Tg mice
A goal of this study was to determine the requirement for tyrosine kinase activation of Lck in T h subset differentiation. In our previous studies using the DLGKR Tg mouse model, thymic positive selection was found to be partially inhibited and the number of mature CD4 single-positive thymocytes was decreased (17) . Here, we assess the developmental status of mature T cells in the periphery through the phenotypic analysis of splenocytes using selected antibodies to T cell differentiation antigens by FCM. The yields of heterozygous DLGKR ϩ/-spleen cells from mice of either B6 or (B6 ϫ BALB/ c)F 1 background were essentially similar to those of Tglittermate mice. In addition, as shown in Fig. 1 (left panels), equivalent numbers of CD4 T cells were detected in the (B6 ϫ BALB/c)F 1 DLGKR ϩ/-spleen, although the number of CD8 T cells appeared to be slightly decreased. In Fig. 1 (right panels), the staining profiles of various surface marker antigens on electronically gated CD4 ϩ CD8 -T cells are shown. Although a slight decrease in expression levels of TCRαβ and CD3ε and a slight increase in expression of IL-4R α chain were detected, the splenic CD4 T cells from DLGKR ϩ/-Tg mice expressed similar levels of T cell memory (CD44, CD45RB and CD62L) and activation (CD69 and CD25) markers. Essentially similar results were obtained in B6 DLGKR ϩ/-Tg mice and DO10 ϫ DLGKR double-Tg mice (data not shown). Furthermore, when the TCR V β repertoire in splenic CD4 T cells and CD8 T cells was examined in B6 and (B6 ϫ BALB/c)F1 DLGKR ϩ/-Tg mice, the percentages of TCR V β 3, 4, 6, 7, 8 and 11 cells were found to be indistinguishable between Tglittermate and DLGKR ϩ/-Tg mice (data not shown). From these results, we conclude that the development of splenic CD4 T cells of heterozygous DLGKR Tg mice with a B6 or (B6 ϫ BALB/c)F 1 background proceeds normally.
Decreased tyrosine kinase activity of Lck in splenic CD4 T cells of DLGKR mice An assessment of the amount of Lck protein was made and the extent to which catalytic activity was preserved in the splenic CD4 T cells of DLGKR ϩ/-Tg mice was measured. The amount of Lck protein associated with CD4 molecules was determined by immunoprecipitation with anti-CD4 mAb and immunoblotting with anti-Lck antiserum ( Fig. 2A) . The results from graded doses of splenic CD4 T cells revealed that the amount of Lck co-precipitated with CD4 was increased 2-to 3-fold in Tg mice. Tyrosine kinase activity of Lck associated with CD4 assessed by in vitro immune complex kinase assay was decreased substantially in DLGKR Tg splenocytes when measured by autophosphorylation and by transphosphorylation of an exogenous substrate, enolase. These results indicated that about twice-normal concentrations of catalytically inactive Lck molecules were expressed and associated with CD4 molecules in the DLGKR Tg spleen and effect a significant decrease in tyrosine kinase activity of Lck.
Proliferative responses and cytokine production of naive CD4 T cells from DLGKR mice We assessed the nature of cell growth and cytokine production of naive DLGKR Tg T cells. First, naive CD4 T cells were prepared from an OVA-specific αβTCR Tg (DO10 Tg) ϫ DLGKR double-Tg mice and stimulated with titrated doses of antigenic peptide of DO10 Tg TCR in the presence of irradiated APC. Stimulations with immobilized anti-TCR mAb and PMA plus ionomycin were also performed. As demonstrated in Fig. 3(A) , a slight decrease in the levels of the antigeninduced proliferative response of CD4 T cells from DLGKR Tg mice was observed.
Next, levels of cytokines (IL-2, IL-4 and IFN-γ) in culture supernatants of naive-type (CD44 -) CD4 T cells stimulated with either antigenic peptide or immobilized anti-TCR mAb (H57-597) were measured by ELISA (Fig. 3B) . The production of IL-2 was slightly decreased in DO10 ϫ DLGKR double-Tg T cells. A small amount of IL-4 (0.1-0.5 ng/ml) was detected in the primary stimulation cultures of naive CD4 T cells. The levels of IL-4 production in DLGKR Tg T cells were not decreased, but rather increased in either stimulation culture. Similarly, low levels of IFN-γ production were detected in both normal and DLGKR Tg T cells. These results indicate that the magnitude of the TCR-mediated proliferative responses and IL-2 production is slightly decreased, whereas the ability to produce IL-4 and IFN-γ in primary T cell stimulation cultures is not compromised in DO10 ϫ DLGKR double-Tg naive CD4 T cells. Since either the expression levels of IL-4R and the TCR-mediated IL-4 production was not impaired in CD4 ϩ naive T cells of DLGKR Tg mice, the function of IL-4R was assessed by measuring 3 H incorporation after IL-4 stimulations (Fig. 3C) . FCM-sorted CD4 ϩ CD44 -T cells were stimulated with IL-4. Figure 3(C) shows that the proliferative responses induced by IL-4 was not decreased, but rather slightly increased in DLGKR Tg T cells. These results indicated that the IL-4R-mediated signal transduction was not impaired in CD4 ϩ naive T cells of DLGKR Tg mice.
Effect of overexpression of enzymatically inactive Lck tyrosine kinase on T h 2 cell differentiation
In this report, we assessed the generation of T h 1 and T h 2 cells by measuring intracellular synthesis of IFN-γ and IL-4 (as a marker of each T h subsets, T h 1 and T h 2 respectively) at a single cell level by FCM. Naive CD4 T cells of DO10 TCR Tg mice are known to develop preferentially to T h 2 cells, when T cells are stimulated in vitro with a certain concentration of antigenic peptide and APC (29) . Therefore, we used the DO10 TCR Tg mouse system to assess the effect of overexpression of enzymatically inactive Lck on T h 2 cell generation. Naive CD4 T cells from DO10 ϫ DLGKR doubleTg mice were separated by sorting (Ͼ98%), and stimulated in vitro with antigenic peptide and APC. The IL-4 and IFN-γ producing cells were detected by intracellular immunofluorescent staining and FCM as described in Methods. More than 85% of the re-stimulated cells were positive for Tg TCRα (KJ-1 ϩ ) and 95% of the Tg TCR ϩ T cells were CD4 ϩ CD8 -phenotype (data not shown). As shown in Fig. 4(A, upper  panels) , substantial numbers of IL-4 producing T h 2 cells were generated in DO10 Tg T cell cultures. A small amount of IFN-γ producing cells (3.5%) was detected with 0.3 µM of peptides. Essentially no IFN-γ producing cells in cultures with higher concentrations of antigenic peptides was observed. In DO10 ϫ DLGKR double-Tg T cell cultures, however, even at the highest dose of antigenic peptide, IL-4 producing cells were not induced in significant numbers. These results indicated that the generation of IL-4 producing T h 2 cells was severely compromised in DLGKR T cells. Since anti-TCRinduced IL-4 production (Fig. 3B) and IL-4R function (Fig.  3C) were not impaired in DLGKR T cells, Lck activation appeared to be involved in the TCR-mediated signal transduction that was responsible for T h 2 cell differentiation but not for IL-4 production or IL-4R-mediated signal transduction. Interestingly, small but significant numbers of IFN-γ producing T h 1 cells were detected in DLGKR Tg T cell cultures.
Next, T h 2 cells were induced in DO10 Tg T cells with minimal antigenic stimulations and graded doses of exogenous IL-4. A marginal level of T h 2 cell generation was observed in a culture with 0.1 µM of antigenic peptide (see Fig. 4B , upper very left panel). Substantial numbers of T h 2 cells were generated in cultures with exogenous IL-4 (1-100 U/ml) in normal DO10 Tg T cells. In contrast, essentially no T h 2 cells was generated in DO10 ϩ ϫ DLGKR T cells even in the presence of an excess (100 U/ml) amount of exogenous IL-4 (Fig. 4B) . Since IL-4 is known to induce T h 2 cell proliferation (30, 31) and DLGKR T cells express a normal amount of IL-4Rα (Fig.  1) , these results suggest that T h 2 cells are not differentiated in cultures of DLGKR Tg T cells. Again, detectable numbers of IFN-γ producing T h 1 cells were generated in DO10/DLGKR double-Tg T cell cultures. Taken together, these results suggested that tyrosine kinase activation of Lck was required for T h 2 cell differentiation.
Effect of overexpression of enzymatically inactive Lck tyrosine kinase on T h 1 cell differentiation
The requirement for Lck tyrosine kinase activity in T h 1 cell differentiation was examined by using both non-TCR Tg (Fig.  5A ) and DO10 ϫ DLGKR double-Tg mice (Fig. 5B) . Naive CD4 T cells from (B6 ϫ BALB/c)F 1 DLGKR Tg mice were stimulated with immobilized anti-TCR mAb or with culture supernatant of anti-TCR mAb in the presence of irradiated syngeneic spleen cells as a FcR ϩ cross-linker. The anti-TCR stimulation of normal B6 mice favors the differentiation of T h 1 cells (Yamashita and Nakayama, unpublished observation). As shown in Fig. 5(A) , a substantial number of the IFN-γ producing T h 1 cells was generated in non-Tg (DLGKR -/-) T cells at either stimulation with immobilized anti-TCR mAb or soluble anti-TCR mAb (H57-597) and irradiated syngeneic spleen cells. In the latter condition, syngeneic spleen cells might provide so-called co-stimulatory signals to T cells. The magnitude of T h 1 cell generation was not decreased, but rather increased in DLGKR Tg T cell culture (Fig. 5 , bottom panels). These results indicated that T h 1 cell differentiation induced by anti-TCR mAb was not affected by the overexpression of enzymatically inactive Lck in CD4 T cells.
Naive CD4 T cells from DO10 ϫ DLGKR double-Tg mice were stimulated with minimal doses of antigenic peptides (0.1 and 0.3 µM) in the presence of graded doses of exogenous IL-12 ( Fig. 5B) . At either concentration of antigenic peptide, IFN-γ producing T h 1 cells were generated in cultures with IL-12 in a dose-dependent manner in normal DO10 Tg T cell cultures and a similar dose-dependent generation of T h 1 cells was detected in DO10 ϫ DLGKR double-Tg T cell cultures. No significant IL-4 producing T h 2 cells was detected. These results indicated that the T h 1 cell differentiation induced by antigenic stimulation and exogenous IL-12 in the DO10 Tg mouse system was not significantly affected in DLGKR Tg CD4 T cells where the differentiation of T h 2 cells was severely compromised (see Fig. 4 ).
The effect of anti-CD4 mAb on the T h 1 and T h 2 cell differentiation in vitro
The results obtained thus far with the in vitro T h 1/T h 2 cell differentiation system indicated that the T h 2 cell differentiation was severely affected if about twice normal concentration of enzymatically inactive Lck is expressed and associated with CD4 molecules in splenic CD4 T cells. Consequently, we assessed the efficiency of the blocking effect of anti-CD4 mAb in T h 1 and T h 2 cell differentiation in vitro to determine the dependency of T h 1/T h 2 differentiation on CD4. Stimulation of naive CD4 T cells from DO10 Tg mice with antigenic peptide (0.3 µM) in the presence of anti-IL-12 mAb and IL-4 (100 U/ml) were used for T h 2 cell differentiation. For T h 1 cell differentiation, the same naive CD4 T cell preparation was stimulated with antigenic peptide (0.3 µM) in the presence of anti-IL-4 mAb and IL-12 (100 U/ml). Various concentrations of culture supernatant of anti-CD4 mAb (GK1.5) were added to the induction cultures. For controls, anti-CD69 mAb was used. Figure 6 shows that the majority (Ͼ85%) of the generation of T h 2 cells was found to be blocked when 25% of anti-CD4 mAb was added to the culture, while the inhibition of T h 1 cell differentiation was Ͻ50% in the same condition. Control antibody had no effect on the generation of either T h cell differentiation. This preferential effect was also observed in cultures with a lower concentration of anti-CD4 mAb (2.5%). Similar results were obtained from the induction cultures with anti-FcR mAb (2.4G2), indicating that the blocking effect of anti-CD4 mAb was not a consequence of stimulation of CD4 molecules by FcR-mediated cross-linkings (data not shown). These results suggested that T h 2 cell differentiation was more dependent on CD4 molecules.
Effect of overexpression of enzymatically inactive Lck tyrosine kinase on antibody responses to T cell-dependent antigens as a measure of T h 1 and T h 2 cell differentiation in vivo
It has been reported that IL-4 and IL-5 producing T h 2 cells play important roles for the stimulation of B cells to produce high levels of IgM and IgG1 as well as the generation of IgE in murine system, and IgG2a and IgG3 isotypes are associated with IFN-γ producing cells (32) . Thus, we wished to determine whether the distinct effect of inactive Lck on the differentiation of T h 1 and T h 2 cells observed in in vitro experimental systems could be demonstrated in vivo through an assessment of the antibodies produced in response to T cell dependent antigens. DLGKR Tg mice were immunized with 100 µg of TNP-KLH in CFA, and 8 weeks later spleen cells were separated and the ability to produce anti-TNP antibodies with IgG1 and IgG2a isotype was assessed in vitro. As shown in Fig. 7(A) , the production of anti-TNP antibodies with the IgG1 isotype was dramatically decreased in DLGKR Tg mice, while that with the IgG2a isotype was not decreased. To assess the ability of DLGKR mice to produce antigenspecific IgE antibodies, DO10 ϫ DLGKR double-Tg mice were immunized with OVA and alum, and 2 weeks later the serum concentration of IgE specific for OVA was measured. Figure 7 (B) shows that significant production of OVA-specific IgE was detected in normal LM mice but not in DLGKR Tg mice. These results support the in vitro assessment that antigen-specific T h 2 cell differentiation is impaired in DLGKR Tg mice, whereas T h 1 cell differentiation remains intact.
TNP-KLH-primed spleen cells from DLGKR Tg mice were stimulated in vitro with 10 µg/ml of TNP-KLH for 48 h and the amount of cytokines (IL-2, IL-4 and IFN-γ) produced in the culture supernatant was measured (Fig. 7C ). An equivalent amount of IL-2 and IFN-γ was found to be produced in DLGKR Tg T cell cultures, while the production of IL-4 was severely inhibited. The cytokine profile analysis is consistent with a significant compromise in the differentiation of T h 2 cells in vivo, but not in T h 1 cell differentiation in DLGKR Tg mice.
Discussion
In this report, we investigated the requirement for Lck tyrosine kinase activity in T h cell subset differentiation by using dominant negative Lck (DLGKR) Tg mice where CD4 splenic T cells developed normally and expressed about twice-normal concentrations of enzymatically inactive Lck which results in a substantial decrease in tyrosine kinase activity of Lck. The results from several in vivo and in vitro experimental systems of T h 1 and T h 2 cell differentiation show that T h 2 cells were poorly induced in DLGKR Tg T cells while T h 1 cell differentiation was left intact. Thus, these results suggest that the tyrosine kinase activity of Lck is required for T h 2 cell differenti- 7 . Effect of overexpression of enzymatically inactive Lck tyrosine kinase on T h cell differentiation in vivo. In panel (A), non-DO10 TCR Tg DLGKR -/-and DLGKR ϩ/-mice with a (B6 ϫ BALB/c)F 1 background were immunized with TNP-KLH in CFA. Eight weeks later, whole spleen cells were prepared and re-stimulated with 0.1 µg/ml of TNP-KLH in vitro. The culture supernatants were collected after 7 days and the concentrations of anti-TNP IgG1 and IgG2a antibodies were determined by ELISA. In panel (B), DO10 ϩ ϫ DLGKR -/-and DO10 ϩ ϫ DLGKR ϩ/-mice were immunized with OVA in alum. Two weeks later, the serum concentration of OVA-specific IgE antibodies was determined by ELISA. In panel (C), non-DO10 TCR Tg DLGKR -/-(DLGKR -/-) and DLGKR ϩ/-(DLGKR ϩ/-) mice were immunized with TNP-KLH in CFA. Eight weeks later, whole spleen cells were re-stimulated with 0.1 µg/ml of TNP-KLH in vitro. Culture supernatants were collected after 2 days, and concentrations of IL-2, IL-4 and IFN-γ were measured by ELISA. Bars depict the mean values of triplicate wells with the SD expressed as y-axis error bars. ation, and that there is a differential dependence on Lck activity between T h 1 and T h 2 cell differentiation.
Over the past 10 years, many important studies have revealed the significant roles played by key cytokines such as IL-12 and IL-4 in T h 1 and T h 2 cell differentiation respectively (3,4) . Recently, IL-4R-mediated signal transduction pathways including JAK1 and JAK3 kinase activation and following phosphorylation of STAT6, and their regulation of IL-4 transcription have been extensively studied (33) (34) (35) (36) . These analyses favor the notion that IL-4R/STAT6-mediated signals are involved in T h 2 cell differentiation. Simultaneously, IL-12/ STAT4-mediated signals appeared to be involved in T h 1 cell differentiation (37, 38) . On the other hand, antigenic stimulation of αβ TCR complexes is known to be indispensable for the differentiation of both T h 1 and T h 2 cells (4). Less is known, however, about which downstream signal transduction pathway of TCR-CD3 complex is required for T h 1 and T h 2 cell differentiation. We wished to clarify the key signaling molecules responsible for T h 1 and T h 2 cell differentiation.
We have addressed the role of Lck by the use of dominantnegative Lck Tg, DLGKR animals in which maturation of CD4 T cells appears to be normal (Fig. 1) . The expression of DLGKR-derived Lck protein associated with CD4 molecules in splenocytes was approximately equivalent to that of the endogenous, wild-type protein ( Fig. 2A) . This level of transgene expression resulted in a 50-70% reduction in coreceptor-associated phosphotransferase activity, demonstrating that the DLGKR-derived Lck protein does indeed compete with its wild-type counterpart (Fig. 2B) . Although the transgene-derived protein was expressed at only modest levels, T h 2 cell differentiation appeared to be blocked almost completely in both in vitro (Fig. 4 ) and in vivo (Fig. 7) experimental systems. Under the same conditions, little inhibition of T h 1 cell differentiation was observed in either in vitro (Fig. 5 ) or in vivo (Fig. 7) experimental systems. These results, representing a single point of reduced level of tyrosine kinase activity of Lck, do not by themselves exclude the possibility that the observed effect was a consequence of a peculiar integration event. However, analysis with another dominant negative Lck Tg line with low copy numbers of the transgene under the control of the lck proximal promoter provided similar results as those from DLGKR mice, i.e. T h 2 cell differentiation was substantially compromised (data not shown).
Since tyrosine kinase activity of Lck is required for thymic selection process (17) , it is possible that the generation of T h 2 precursors is selectively interdicted during the positive selection process in the DLGKR Tg thymus. However, it is unlikely because a similar level of T h 2 cell differentiation was detected when DLGKR Tg naive CD4 ϩ T cells were stimulated with PMA plus ionomycin, that bypass the Lck defect in DLGKR Tg T cells (data not shown). From the collective results, we concluded that tyrosine kinase activity of Lck is required for T h 2 cell differentiation. In addition, the generation of T h 1 cells is not compromised in the heterozygous DLGKR Tg mice as measured in the experiments described in this report (Figs 5 and 7) . Thus, differential dependence of T h 1 and T h 2 cell differentiation on tyrosine kinase activation of Lck is indicated; however, more comprehensive analyses would be required to assess the quantitative influences of Lck on T h 1 cell differentiation.
In naive CD4 T cells of DLGKR Tg mice, the production of IL-4 was not impaired (Fig. 3B ) and the expression of IL-4R was not decreased (Fig. 1) . In addition, a similar or slightly increased level of proliferation was detected when naive DLGKR Tg T cells were stimulated with IL-4 (Fig. 3C) . These results suggested that either signal transduction pathway leading to IL-4 production or IL-4R-mediated signaling pathway was not impaired in naive T cells of DLGKR Tg mice. Therefore, the blocking effect on T h 2 cell differentiation detected in DLGKR Tg T cells appeared to be due to the impairment of TCR-mediated signals instead of IL-4/IL-4R-mediated signals.
Is Lck kinase activity required for T h 2 cell differentiation delivered from CD4?
As much as 50% of Lck protein is associated constitutively with the CD4 co-receptors in splenic CD4 T cells (39) Moreover, CD4 co-receptor expression is required for several important functions of T h cells (40) . Hence, it is likely that the DLGKR effect on the generation of T h 2 cell differentiation is due to the impairment of CD4/Lck-mediated signals by the competition of 'dead' Lck molecules derived from the DLGKR transgene with endogenous 'live' Lck for binding to CD4. However, Fowell et al. have reported that T h 2 responses induced by Necessaria brasiliensis are compromised in CD4-deficient mice, but these can be rescued by the introduction of tailless Tg CD4 molecules into the CD4-deficient mice. They conclude that the cytoplasmic domain of CD4, where Lck is known to be associated, is not required for inducing T h 2 responses although CD4 expression is required (41) . In contrast, Brown et al. demonstrated roles of the cytoplasmic domain of CD4 for T h 2 cell differentiation induced by protein immunization but not by Leishmania major infection (42) . In either study reported by Fowell et al. or Brown et al., it was concluded that the expression of CD4 was important for T h 2 cell differentiation. Here, we have demonstrated that T h 2 cell differentiation is more sensitive to blocking by anti-CD4 antibody (Fig. 6) , an observation which is consistent with the conclusion of the importance of CD4 molecules for T h 2 differentiation made in the above cited reports (41, 42) . However, it is not known whether the inhibition of T h 2 cell differentiation in DLGKR mice is due to a decrease in activity of Lck associated with CD4 molecules. There are several observations that suggest Lck activity is independent from CD4 molecules. The TCR-derived signals that require Lck in the Jurkat cell line do not involve either CD4 or CD8 (16) . Similarly, the Lck/CD4 association is not indispensable for thymic positive selection (43) . The Lck kinase activity required for thymic positive and negative selection appeared to be associated with αβTCR rather than CD4 or CD8 co-receptor molecules (17) . From this perspective, it is possible that the DLGKR-derived protein competes with its endogenous counterpart for interaction with the TCR complex itself and thereby blocks downstream activation events. However, further investigations are required to address this issue.
Does the intensity of TCR stimulation determine the direction of T h 1 and T h 2 cell differentiation?
Although there are a few exceptions (44) , it has been generally observed that the low-dose infection or low antigen concentra- (17) . Similarly, ZAP70 is required for both selection processes (56) . In contrast, the positive selection process is highly dependent on the activation of calcineurin (CN), Ras and MAPKK, while the negative selection is much less dependent on these signaling molecules (23, 53, 54 ) (see Discussion for details). (B) Signal requirements for T h 1 and T h 2 cells. Similar to thymic selection events, TCR recognition of antigen is indispensable for both T h 1 and T h 2 cell differentiation. The lowdose antigen favors induction of T h 1 cells, whereas high-dose stimulation of antigens induced T h 2 cells preferentially (29, 45, 46) . In addition to TCR stimulation, the IL-12/IL-12R-mediated signal transduction pathway is required for T h 1 cell differentiation (8, 9) . Similarly, IL-4/IL-4R-mediated signals are known to be essential for T h 2 cell differentiation (57) (58) (59) . In the present report, T h 2 cell differentiation was revealed to be highly dependent on Lck activity, while T h 1 cell differentiation was not. The requirement of other downstream signaling molecules of TCR for T h 1/T h 2 cell differentiation has not been elucidated (dashed box).
tion favors induction of T h 1 responses, whereas high-dose stimulation of antigens preferentially induced T h 2 responses (29, 45, 46) . There are several possible explanations for the molecular mechanism involved in this phenomenon. First, it is possible that dendritic cells and macrophages are the major APC when the dose of the antigen is low and these APC produced IL-12, thus favoring T h 1 differentiation. On the other hand, the high-dose antigen may stimulate T cells repeatedly and thereby an increase in the opportunity for the naive T cells to encounter IL-4 molecules could occur. In this case, T h 2 cell differentiation would dominate because naive T cells differentiate into T h 2 cells when both IL-4 and IL-12 are present (47) . It is also possible that a high-dose antigen stimulation results in T cell unresponsiveness which preferentially occurs in T h 1 cells resulting in the selection of T h 2-dominant immune responses (45, 48) .
A most intriguing possibility, however, is that the TCRmediated intracellular signals required for the differentiation of T h 1 cells are distinct from those required for T h 2 cell differentiation. As shown in Fig. 4(A) , the lowest dose of antigenic peptide (0.3 µM) stimulation induced a small yet significant increase in the amount of T h 1 cells (3.5%); however, the generation of these cells was reduced when T cells were stimulated with higher doses of peptide antigens. This observation has been reported using similar experimental systems (29) . Interestingly, substantial numbers of T h 1 cells were generated in DO10 ϫ DLGKR double-Tg T cell cultures at the antigen concentrations used (Fig. 4A, lower panels) , whereas T h 2 cells were induced quite efficiently in non-DLGKR T cell cultures. From these data, weak TCR stimulations with low-dose antigenic peptide may not activate Lck efficiently and thus favor T h 1 cell differentiation, whereas strong stimulations induced by higher concentrations of antigenic peptide could activate Lck sufficiently to induce T h 2 cell differentiation. Although we have no insight on TCR-mediated signal requirements for T h 1 cell differentiation, a responsible tyrosine kinase underneath the TCR complex might be different from Lck. In any event, activation levels of Lck tyrosine kinase appear to determine the direction of differentiation to T h 1 or T h 2 cells.
Similar questions have persisted in the field of T cell selections in the thymus. Reports show that a low concentration of peptide induced positive selection, whereas a high concentration of the same peptide induced negative selection (49) (50) (51) . Thus, thymocytes responded with qualitatively different outputs to different intensity signals. More recently, the magnitude of the off-rate of TCR-peptide-MHC interactions was suggested to be important for the fate of T cells undergoing selection events (52) . Qualitative differences in TCRmediated signal transduction controlling positive and negative selection have been reported. We have demonstrated that the activation of calcineurin, a calcium-and calmodulindependent phosphatase, is essential for positive selection but not for negative selection in the thymus (23) . Similarly, Perlmutter and colleagues reported that the activation of p21 ras and MAPKK was required for thymic positive selection but not for negative selection (53, 54) . Signal transduction molecules required for both positive and negative selection have been also reported. Lck tyrosine kinase activation was found to be required for both positive and negative selection (17) . ZAP-70 is one of the well known targets of Lck tyrosine kinase (55) . Consistent with our report (17) , both positive and negative selection are interdicted in mice lacking ZAP-70 whose activation is Lck dependent (56) . From this perspective, weak interactions between TCR and peptide-MHC are sufficient for inducing thymic positive selection, and most of the well-known signaling pathways (including activation of Lck, ZAP-70, calcineurin, Ras and MAPKK) are involved, whereas strong (low off-rate) interactions induce activation of additional undetermined signaling pathways downstream of Lck/ZAP-70 tyrosine kinases resulting in negative selection (Fig. 8,  upper right panel) . Although little is known about the precise TCR-mediated signal transduction required for T h 1/T h 2 cell differentiation, the observations and insights from studies in thymocyte differentiation would be applicable for T h 1/T h 2 cell differentiation (Fig. 8, lower panels) .
In summary, we determined the requirement for Lck tyrosine kinase activity in T h cell subset differentiation by using dominant negative Lck (DLGKR) Tg mice with about twice-normal concentrations of enzymatically inactive Lck. We conclude that tyrosine kinase activation of Lck is required for T h 2 cell differentiation, and that there is a differential dependence on Lck kinase activity between T h 2 and T h 1 cell differentiation.
